Glaciers are known to harbor surprisingly complex ecosystems. On their surface, distinct 17 cylindrical holes filled with meltwater and sediments are considered as hot spots for microbial life. 18
systems with occasional stripping events during which they can be cleared and the newly 23 distributed sediment starts forming new cryoconite holes nearby (personal observations; 24 MacDonell and Fitzsimons, 2008) . During this time several cryoconite holes are connected 25 hydrologically. Most of the year, they are sealed with an ice lid and covered by snow, which 26 protects them from stripping events, but which also inhibits the photosynthetic activity (Jesamine 27 Bartlett, personal communication). Recently reviewed studies also demonstrated that glacial 28 ecosystems have a significant impact on the global carbon cycle (Stibal et al., 2012a) . Common 29 approaches tried to find environmental controls on the net ecosystem productivity, but the biotic 30 3 controls have often been overlooked. We hypothesize that the biotic controls have similar dynamics 1 to temperate lakes, where primary productivity is not solely controlled by environmental 2 parameters (bottom-up), but also by grazing pressure (top-down) (Sterner, 1986) . . The species diversity of these grazing invertebrates is relatively low and 14 relatively well-known but their ecological role in the cryoconite community has not been addressed 15 yet. It is believed that they act as top predators in a microbial food web consisting of both grazing 16 and carnivorous species (De Smet and van Rompu, 1994) . 17 In temperate freshwater systems grazing is known to have a substantial effect on microalgal 18 communities (to avoid duplication of terms, "microalgae" in the text also includes Cyanobacteria, 19 unless further specified). For example, Sterner (1986) described two effects of invertebrate grazing 20 on microalgal communities. Firstly, selective feeding can suppress the population of the preferred 21 food organisms. Secondly, invertebrate grazing is suitable to release nutrients from microalgae 22 biomasses and enhance the growth of otherwise nutrient limited organisms. In contrast to the 23 crustacean dominated grazer communities in temperate ponds, preying on relatively large 24 organisms, the cryoconite communities are known to consist of much smaller grazers, usually 25 shorter than 200 µm (personal observations). Generally, Arctic freshwater ponds are characterized 26 by a food web with a few trophic levels, dominated by crustacean grazers with short generation 27 times, due to the short growing season (Rautio et al., 2011). The zoobenthos community is thought 28 to obtain its carbon from benthic primary production and associated bacterial growth (Rautio et al., 29 2011). Another effect of grazing has been described by Vanormelingen et al. (2009) , who observed 30 tardigrades 5 -10 µm, filtrating organ opening of rotifers 25 -50 µm) in the samples of this study. 23 The division of filtering classes is mainly based on measurements of the feeding apparatuses in our 24 own samples ( Figure S4 activity is thought to be limited to the first few µm of the sediment surface. General oxygen profiles 3 in sediments, obtained with microsensors showed photosynthetic activities at sediment depths only 4 below 0.5-1mm (E.g. Revsbech et al., 1986) . For cryoconite sediments a study by Telling et al. 5 (2011) showed that only in sediment layers <3 mm a net autotrophic system is maintained. Errors 6 of this method related to the dilution, determination, measurements and counting are described by 7
Mueller et al. (2001) . For the study of population dynamics, the microscopic approach is preferred 8 to molecular methods since the taxonomic resolution is not as important as accurate density 9 estimations of functional groups. A PCR-bias in genetic methods would, however, lead to a higher 10 uncertainty in density estimations. Nevertheless, the cyanobacterial community structures of 11
Hørbyebreen (HC) and Nordenskiöldbreen (NR) were compared with previous measurements of 12 the prokaryotic community structure based on MiSeq Illumina sequencing of the V3-V4 regions 13 of the 16S rRNA genes in 2012. This additional genetic method helps to validate the microscopy 14 derived estimates and gives an estimate of the abundances of additional bacteria and cyanobacterial 15 genera. The most dominant genera were then compared to previously found nifH genes, important 16 for nitrogen fixation, in the NCBI database (Gaer et al., 2010). The functional cyanobacteria groups 17 in this study are; Nostocales as heterocystous cyanobacteria, and Oscillatoriales as filamentous 18 cyanobacteria without heterocysts, but with the ability to stabilize cryoconite granules. The 19 eukaryotic microalgal groups are; Chlorophycea and Zygnematophyceae. Diatoms and 20
Chroococcales were excluded from the analysis due to their low abundances and the related 21 inaccuracy of biovolume estimations in dilutions. MgCl2. The following PCR conditions were used: initial denaturation at 95°C for 5 min., followed 1 by 25 cycles consisting of denaturation (95°C for 40 s=, annealing (55°C for 1 min.) and extension 2 (72°C for 1 min.) and a final extension step at 72°C for seven minutes. The amplified DNA was 3 sequenced using the Illumina MiSeq platform at Liverpool Centre for Genomics Research and 4 generated 2 x 300 bp overlapping pairs-end reads. 5
The 16S sequences were further processed, using the mother (v. 1.35) pipeline (Schloss et al., 200). 6
Chimeric sequences were identified and removed using UCHIME (Edgar et al., 2011). Reads were 7 clustered into operational taxonomical units (OTUs), based on at least 97% sequence similarity, 8 and assigned taxonomically against the SILVA database (Quast et al., 2013). 9
Environmental variables 10
As proxies for the age and stability of the hole, water depth was measured with a ruler immediately 11 after the sampling. The water content of the sediments was calculated as percentage of weight loss 12 of water saturated sediments after drying at 50°C for 12 hours. The total organic matter (TOM) 13 content was estimated as the weight loss of the dried sediments after dry combustion at 450°C for 14 5 hours. The sediment load was estimated as the total mass of cryoconite sediments within a defined 15 area. The sediment coverage of Nordenskiöldbreen (NC) and Hørbyebreen (HC) was estimated 16 using aerial pictures taken by a multicopter using ImageJ after Irvine-Fynn et al. (2010) . The 17 elevation and distance to the closest deglaciated land was measured using a hand held GPS and 18 topographic maps from 1990 with an error of about 25 m related to the mapping, and an 19 underestimation of approximately 75 m related to glacial retreats. The time of the sampling was 20 calculated as summer degree days (sdd). Sdds are commonly used to model the surface runoff of 21 glaciers (Braithwaite, 1995) and thus a good indicator of the environmental disturbance on the 22 supraglacial system, related to time. As a proxy for nutrient inputs the impact of birds was estimated 23
as ranks between 0 and 3 based on; 1) the presence of birds or bird remnants (excrements, 24 carcasses), and 2) the distance to bird colonies. An impact of 0 refers to a site with no signs of birds 25 or excrements, far away from any bird colonies, whereas an impact of 3 means a site with birds 26 resting on the glacier with excrements around and a bird colony nearby. For the chemical analyses 27 of cryoconite sediments, ammonium and ammonia (NH3-N and NH4 + -N (NHX-N)) were measured 28 by the gas diffusion method using a FIA LACHAT QC 8500 (Lachat Instruments, USA) after 29 and in a mix of sediments from different cryoconites of each site. 7
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Statistical analysis 8
In order to test for differences between the sites and possible controls, multivariate and univariate 9 statistics were applied using different statistical programs. Log transformed data were used for all 10 ordination analyses. Analyses of similarities (ANOSIM) were performed, using Ppast (Hammer et  11 al., 2001), for comparing the community structures between the sites, controls and treatments, and 12 different sampling times within the same cryoconite hole, using Bray-Curtis dissimilarities. The 13 null hypothesis was rejected if p<0.05. p values of multiple tests were corrected after the false 14 discovery rate. A one-way ANOVA followed by a Tukey honest significant difference test was 15 applied, using R (R Development Core Team, 2008) , to test for differences of environmental 16 variables, and mean and median sizes of microalgae between the sampling sites. For direct 17 correlation between grazer and microalgae, correlation analysis of log(x+1) transformed densities 18 and standardized microalgal densities (x 10 -6 ) were applied using R. Multiple linear regression 19 models using untransformed (Oscillatoriales), log(x+1) transformed (other microalgae) data and 20 assuming a poisson distribution were used to assess the effects of grazer densities on the mean and 21 median sizes of the different microalgal groups. 22
For a more detailed analysis of possible biotic interactions, a principal component analysis (PCA) 23 was performed using CANOCO 5.03. A partial redundancy analysis (RDA) was applied in order 24 to test for environmental controls, using CANOCO 5.03., as a linear constrained ordination method. 25
Prior to the ordination, a detrended correspondence analysis (DCA) was used to test whether a 26 linear ordination is appropriate. A gradient length of 2.4 SD supported a linear model. Interactive-27 forward-selection-covariates was used in order to build a model, which only includes the best 28 explanatory variables and to avoid the problem of colinearity. After the ordination, a permutation 29 test based on r² values with 999 permutations enabled testing the amount of variation explained by 1 the model and the explanatory variables. In order to test for environmental controls, a model using 2 the environmental variables as explanatory variables and the spatial variables as co-variables was 3 used. 
Differences between sites 7
Differences between the sites were found in their environments and their community structures as 8 shown in Figure 23a ,b,c and Table 2 . Hørbyebreen (HC) shows the highest proportion and 9 concentration of cyanobacteria (88%, 238 x 10 -6 µm³ cm Leptolyngbya sp. were also abundant genera (Figure 3Figure 2c) . 23 The rest of the bacterial diversity in the 16S reads is mainly represented by Proteobacteria, 24
Bacteroidetes, and Actinobacteria. Other potentially diazotrophic bacteria included bacteria of the 25 genera Clostridium, and Ralstonia. The only additional phototrophic bacteria found in the 16S 26 reads was the green non-sulfur bacteria group of Chloroflexi (<1%). In a few samples of this study 27 (p=0.0384), but no difference between the repeatedly sampled cryoconite holes and their controls, 10 and no seasonal variation of the community structures were found. 11
As for the microalgae, iIn a few samples, invertebrates were identified to genus or species by 12 microscopy. The most dominant rotifers belonged to the Macrotrachella insolita group, ranging 13 between 1 (NL) and 4 (HC) Ind. cm A more precise description of differences in environmental variables for each site is given in Table  21 3. Overall, the variation in environmental factors and community structures within one glacier 22 (Nordenskiöldbreen: NC -main site, NR, NI, NL) is often higher than the variation between the 23 glaciers (Tables 2 and 3) . 24
The sites NC and HC have similar nitrogen and phosphorus concentrations and ratios. The nutrient 25 data for NR and NI showed generally higher N:P ratios. The TOC:TIC ratio on Hørbyebreen (HC) 26 compared to Nordenskiöldbreen (NC) seems to be higher. 27
Hørbyebreen is characterized by the lowest water depth and highest sediment coverage, but 28
Nordenskiöldbreen, and particularly the Retrettøya site (NR) had the highest sediments loads 29 (sediment thickness in cryoconite), the highest water content and the highest concentration of 1 organic matter. The deepest cryoconite holes were found on the upper plateau of 2 Nordenskiöldbreen (NI). The cryoconite holes next to Retrettøya are closest to deglaciated land 3 and have the highest sediment load and impact of birds, since they were right next to a colony of 4
Arctic terns. Also a high number of Black-legged Kittiwakes used to rest on the glacier when the 5 low tide sweeps the icebergs out of the fjord. The supraglacial lake is the farthest from any 6 deglaciated land and cryoconite holes in this area were particularly deep with the lowest sediment 7 load and organic matter content. 8 Table 4 ). Rotifers were 5 positively correlated with both Zygnemales and Chlorococcales, and tardigrades only with the 6 usually larger Zygnemales (Table 4 ). In contrast, both groups of cyanobacteria (Oscillatoriales and 7
Nostocales) were not correlated with either tardigrades or rotifers. 8
The PCA shows that the first axis explains most of the variation for green microalgae and grazers, 9 but both of the cyanobacterial groups are mainly explained by the second axis (Figure 4Figure 3) . 10
This indicates different controls on eukaryotic microalgae and grazers, in contrast to cyanobacteria. 11
Besides the positive correlation between grazers and eukaryotic microalgae, the PCA suggests 12
another positive correlation between the green microalgae and consumer groups (ciliates, rotifers 13 and tardigrades). 
Environmental controls 1
Possible environmental controls were tested by redundancy analysis (RDA). Firstly, a RDA with 2 temporal (time of sampling) and spatial (glacier, and place on glacier) variables as explanatory 3 variables showed that these variables can only explain 10.7 % of the total variation. The spatial 4 variables in this model explained 84.9 % of the variability. In total, it appears that the cryoconite 5 communities are influenced by spatial and only to a smaller degree by temporal variation. The part 6 of explained variation in the final model is shown in Table 6 . 7
In a partial RDA, all environmental variables and time were used as explanatory variables and 8 spatial variables were used as co-variables. After interactive-forward-selection-covariates, a model 9 with three significant explanatory variables remained, as shown in Table 7 . The impact of birds 10 (bird) (17.5%), the elevation (14.1%) and sediment load (sedmass) (10.5%) explained most of the 11 variation in the model (42.2%). 
Microalgae distribution 20
The current study showed a high spatial variability of the abundance of different microalgal groups 21 and a high distinction between green microalgae and cyanobacteria in the RDA and PCA.. Another explanation could be that the green microalgae found in this study were accidentally 29 imported to the cryoconite holes. Since these microalgal groups usually occur on glacial surfaces, 30 Greenland ice sheet. Chemical variables were mostly explained by physical and/or geographic 10 parameters. The altitude, slope, distance to the closest deglaciated land, debris coverage and 11 suggested ecological zones (glacier margin, bare ice, slush) explained most of the variability within 12 the microbial community structure and the measured chemical parameters. Since the present study 13 did not cover a comparable range of slopes, no effect of the slope was found. For the debris 14 coverage, elevation and distance to the closest deglaciated land, the proxies measured and used 15 were elevation and sediment load for the habitat stability and age and bird impact for external 16 nutrients. Each showed a significant impact on the microalgal community structure and on their 17 environments. In the present study, it appears that these factors did not play an important role in 19 our small valley glaciers. 20
The cyanobacterial diversity seems to be controlled by completely different variables as indicated 21 by the PCA (Figure 4Figure 3), in which eukaryotic microalgae and grazers were mostly explained 22 by the first and cyanobacteria by the second axes, respectively. Considering the nitrogen fixation 23 capability of cyanobacteria, it is clear that these organisms are dominant in nitrogen limited 24 environments. This is indicated by the negative relation to the impact of birds and a high N:P ratio 25 on the site at Retrettøya (NR) with the highest impact of birds. 
Temporal variability 1
Temporal variability in the microalgal community structures has been measured for the first time 2 in this study. An ANOSIM analysis did not show any seasonal variation, but the RDA suggests a 3 small temporal variability within one season, which is masked by environmental and spatial factors. 4
The temporal impact is statistically significant, but the explanatory importance is negligible. A 5 similar study by Musilova et al. (2015) also found no temporal trend in the microbial community 6 structure on the Greenland ice sheet. However, their method was solely based on 16S tag 7 sequencing, replicates were lacking and their results should be treated carefully. Also, the 8 cyanobacterial proportion in the microbial community was smaller (3 -29 %), compared to our 9 study, which may be caused by a different system on the Greenland ice sheet, or by different 10 primers used. The overall community structure is fairly similar. The fact that both studies used 11 different methods, different taxa and different habitats and still came to the same conclusion highly 12 supports a cryoconite community of eukaryotes and prokaryotes which is not considerably 13 influenced by temporal factors. One possibility for this temporal homogeneity is the short summer 14 season and the strong selective pressure, such as cold temperatures, high light intensities and 15 unstable habitats which are rather constant over the summer season. Another reason could be that a lack of competition for bacteria as diet with the filtrating rotifers 16 increases the number of ciliates. 17
Green microalgae are, in general, relatively large and occur mainly as single cells. Grazer 18 abundances were not correlated to their sizes (Table 7) . Thus, it is proposed that grazing as a minor 19 impact on the morphology of green microalgae.Most cyanobacteria found in this study form large 20 colonies (< 10 cells, or > 25µm), which may protect them against grazing by filtration (Sand-21 Jensen, 2014). In fact, we found a negative correlation between the average length of trichomes of 22
Oscillatoriales and filtrating rotifers. A similar effect has been found on the colony sizes and 23 dimensions of a Coenobium species in interconnected freshwater ponds and has been found to be 24 an adaptation to grazing pressure (Vanormelingen et al., 2009 ). Ciliates are positively related to 25 the mean length of Oscillatoriales, which may be explained by a shared positive effect for 26
Oscillatoriales and Ciliates if the filtrating grazers are less abundant. Perhaps it is caused by a lack 27 of competition for their bacterivorous diet with the filtrating feeding strategy of rotifers. Regarding 28 the environmental factors, it is known that filamentous cyanobacteria in cryoconite holes act as 29 ecosystem engineers by stabilizing relatively large granules, which are more stable and can support 30 mutualistic relationships with heterotrophic bacteria (Takeuchi et al., 2001 ). For this function, a 1 certain size would be necessary, considering average diameters of cryoconite granules above 1 mm. 2
The large colonies of Nostocales can be an adaptation to typical environmental stresses, such as 3 freezing and nutrient limitation. Li and Gao (2007) showed that larger colonies of Nostoc sp. can 4 be more tolerant to freezing and desiccation and can be capable of storing nutrients. Green 5 microalgae are, in general, relatively large and occur mainly as single cells. Grazer abundances 6
were not correlated to their sizes (Table 7) . 7
Cyanobacteria vs eukaryotic microalgae 8
Differences between the eukaryotic microalgal and cyanobacterial densities at the studied sites and 9 their high distinction in the RDA and PCA analyses indicates that these two groups are in strong 10 contrast. Green microalgae occurred mainly in cryoconite holes with high sediment loads and a 11 high impact of bird guano, as a proxy for nutrients. systems, due to their adaptation to freezing and desiccation. However, eukaryotic microalgae may 27 become dominant in unstable environments, due to their higher growth rate. Another explanation 28 could be that the green microalgae found in this study were accidentally imported to the cryoconite 29 holes. Since these microalgal groups usually occur on glacial surfaces, unstable cryoconite holes 1 with thick sediment layers at lower elevations would accumulate more supraglacial organisms by 2 meltwater inflow. 3
Invertebrate grazing 4
Grazer densities did not show any significant negative correlation with microalgal abundances, but 5 only a positive correlation with green microalgae. This can either indicate that grazing has a 6 positive impact on green microalgal densities, perhaps by nutrient recycling, which should have 7 the same effect as the impact of birds, or by shared environmental preferences. The latter is more 8 likely, since the PCA (Figure 4Figure 3) showed very similar environmental gradients for green 9 microalgae and cyanobacteria, and the impact of birdsgrazer abundances and microalgal densities 10 is are positively related to grazer abundancesthe impact of birds, and green microalgal densities. 11
Hence, nutrient availability seems to impact both green microalgae and grazers. One explanation 12 could be that those grazers are mainly feeding on smaller heterotrophic bacteria, and only to a lesser 13 extent on microalgae. In this case, high nutrient levels would support, besides the higher densities The spatial and temporal variability in microalgae and grazer community structures in cryoconite 5 holes on central Svalbard has been studied. Environmental parameters, such as sediment load, 6 elevation (proxy for cryoconite stability and age), and the impact of birds (proxy for nutrient 7 inputs), explained most of the variation in the community structure. Different adaptations of 8 various microalgae groups to ultraoligotrophic or unstable habitats are proposed to explain these 9 effects. Grazer abundances were not found to be negatively correlated to any microalgae densities, 10 but to some of their sizes. We propose that grazing pressure by filtrating rotifers probably led to 11 longer cells and colonies as adaptations to size selective feeding. 12
A positive correlation between rotifers and green microalgae densities has also been found. 
